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ADDITION OF (A) BLOCKING AGENT (S) IN A CERAMIC MEMBRANE 
FOR BLOCKING CRYSTALLINE GROWTH OF GRAINS DURING 
ATMOSPHERIC SINTERING 

5 The siibject of the present invention is a mixed 
electronic/O^" anionic conducting composite, its method 
of preparation and its use as solid electrolyte in a 
catalytic membrane reactor intended in particular for 
the production of syngas by the reforming of methane or 
10 natural gas. 

Catalytic membrane reactors, called CMRs hereafter, 
produced from ceramics, are used for separating oxygen 
from air by diffusion of this oxygen in ionic form 

15 through the ceramic and the chemical reaction of the 
latter with natural gas (mainly methane) on catalytic 
sites (Ni or noble metal particles) deposited on the 
surface of the membrane. Conversion of syngas into 
liquid fuel by the GTL (Gas To Liquid) process requires 

20 an H2/CO molar ratio of 2. This ratio of 2 can be 
obtained directly by a process involving a CMR. 

However, ceramics are brittle in behavior and have 
mechanical properties that depend directly on the 

25 microstructure (shape and size of the grains, secondary 
phases, porosity). All other things being equal, the 
mechanical strength of a ceramic used as a CMR 
increases when the grain size of which the ceramic is 
composed decreases- The grain size may increase during 

3 0 operation at temperature and limit the lifetime of the 
system. Various publications disclose solutions 
intended to improve this lifetime. 

United States patents US 5 306 411 and US 5 478 444 
35 disclose composites consisting of a mixture of an 
electronic conducting material and an ionic conducting 
material, thus constituting a solid electrolyte of 
mixed conductivity. 
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United States patent US 5 911 860 discloses a material 
essentially consisting of a mixed or ionic conductor 
and of a constituent with a chemical nature different 
5 from the mixed conductor, preferably a metal with a 
content of 0 to 20 wt%. This publication highlights the 
need for a second phase in order to limit cracking of 
the material during sintering and thus to increase its 
mechanical properties while improving its catalytic 
10 efficiency. 

United States patent US 6 187 157 discloses multiphase 
systems comprising a mixed ionic/electronic conducting 
phase or just an ionic conducting phase and a second 
15 electronic conducting phase so as to improve the 
catalytic properties of the material. The secondary 
phase is generally metallic and occupies 13% of the 
volume of the material . 

20 United States patent US 6 332 964 discloses either a 
dense membrane or a porous support consisting of a 
phase comprising a mixed metal oxide of ionic 
conductivity of the MCeOx,MZrOx type (M: family of 
lanthanides) or mixed conductivity (LaSrGaMgOx) and of a 

25 second phase having an electronic conductivity (metal, 
metal alloy or mixed oxide of the LaSrMOx type where M = 
transition element) , said second phase being between 1 
and 3 0 vol% of the matrix. United States patent 
application US 2002/0022568 discloses a material of 

30 formula Lni_xSryCax-yM03-5 (Ln: family of lanthanides and 
yttrium, or a mixture of the two; M: transition metal 
or mixture of transition metals) having a high mixed 
conductivity, a low thermal expansion coefficient and 
improved mechanical properties. United States patent US 

35 6 471 921 discloses a mixed conducting multiphase 
material whose secondary phases do not participate 
significantly in the conduction but do increase the 
mechanical properties of the material. The secondary 
phases result from a departure from stoichiometric 
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mixing of the precursors used to synthesize the mixed 
conductor and are therefore by-products of the 
reaction. The content of secondary phases is between 
0.1 and 20 wt%. The main material is a brown-millerite 
5 phase of structure AxA ' x-A" {2-x-x')%S 'yB" (2-y-y jOs+z and the 
secondary phases have compositions (A, A ' ) 2 (B, B " ) O4 , 
A'2(B,B')04/ (A,A' ) (B,B' )204, ... etc. All these 
secondary phases result from the reaction for 
synthesizing the material. They are not added before 
10 the forming of the material . 

The Applicant has sought to develop a composite that 
has a fine uniform structure with grains having a size 
close to one micron, thereby guaranteeing high and 
15 lasting mechanical properties. 

This is why, according to a first aspect, one subject 
of the invention is a composite (m) comprising: 

at least 75 vol% of a mixed electronic/oxygen 

20 O^" anionic conducting compound (Ci) chosen from doped 
ceramic oxides which, at the use temperature, are in 
the form of a crystal lattice having oxide ion 
vacancies and more particularly in the form of a cubic 
phase, fluorite phase, aurivillius- type perovskite 

25 phase, brown-millerite phase or pyrochlore phase; and 

from 0.01 to 25 vol% of a compound (C2) , 
different from compound (Ci) , chosen from ceramics of 
oxide type, " ceramics of nonoxide type, metals, metal 
alloys or mixtures of these various types of materials; 

30 and from 0 vol% to 2.5 vol% of a compound (C3) produced 
from at least one chemical reaction represented by the 
equation: 

xFci + yFc2 zFc3/ 
in which equation Fci, Fc2 and Fc3 represent the 
35 respective crude formulae of compounds Ci, C2 and C3 and 
X, y and z represent rational numbers greater than or 
equal to 0 . 

In the presentation that follows, compound (C2) is often 



referred to as a blocking agent, in that its presence 
in the composite according to the present invention 
inhibits crystalline growth of the grains of compound 
(Ci) during one or more of the steps of the method for 
5 its manufacture. The grains of the blocking agent 
preferably have a shape that can lie within a sphere 
with a diameter ranging from 0 - 1 jam to 5 \im, and 
preferably less than 1 ]am, whether the grains are of 
equiaxed shape or are acicular grains, with a length of 
10 5 \im or less. 

The expression "compound (Ci) or (C2) " means that the 
composite as defined above may comprise: 

either a compound (Ci) mixed with a single 
15 compound (C2) ; 

or a combination of several compounds (Ci) mixed 
with a single compound (C2) ; 

or a compound (Ci) mixed with a combination of 
several compounds (C2) ; 
20 - or a combination of several compounds (Ci) mixed 

with a combination of several compounds (C2) . 

The term "volume fraction" is understood to mean, in 
the definition of the composite according to the 
25 present invention, the volume fraction in the final 
composite. 

According to a first preferred embodiment of the 
present invention, the volume fraction of compo\ind (C3) 
30 in the composite does not exceed 1.5% and more 
particularly it does not exceed 0.5% by volume . 

According to one particular aspect of this preferred 
embodiment, compound (C2) is essentially chemically 
35 inert with respect to compound (Ci) over the temperature 
range lying between room temperature and the sintering 
temperature,* this range including the operating 
temperature, and the volume fraction of compound (C3) in 
the composite tends toward 0. 
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According to a second preferred aspect of the present 
invention, the volume fraction of compound {C2) is not 
less than 0.1% but does not exceed 10%, and more 
5 particularly the volume fraction of compound (C2) does 
not exceed 5% but is not less than 1%. 

In the composite as defined above, compound (C2) is 
mainly chosen: 

10 - either from oxide-type ceramics, such as for 

example magnesium oxide (MgO) , calcium oxide (CaO) , 
aluminum oxide (AI2O3) , zirconium oxide (Zr02) , titanium 
oxide {Ti02) , mixed strontium aluminum oxides SrAl204 or 
Sr3Al206, mixed oxides of perovskite structure, such as 

15 for example BaTiOa or CaTiOa or, more particularly ones 
having a structure ABO3-6, such as for example 
Lao .sSro.sFeo . 9T10 .1O3-5 ot Lao. 6Sro.4Feo.9Gao. 103.5 ; 

or from materials of the nonoxide (carbide, 
nitride, boride) type such as for example silicon 

20 carbide (SiC) or boron nitride (BN) ; 

or from metals such as for example nickel, 
platinum, palladium or rhodium. 

According to a first particular aspect of the composite 
25 as defined above, compound (Ci) is chosen from oxides of 
formula (I) : 

(RaOb)l-x (RcOd)x (I) / 

in which: 

Ra represents at least one trivalent or tetravalent 
3 0 atom mainly chosen from bismuth (Hi) , cerium (Ce) , 
zirconium (Zr) , thorium (Th) , gallium (Ga) and hafnium 
(Hf ) , and a and b are such that the structure RaOb is 
electrically neutral; 

Rc represents at least one divalent or trivalent 
35 atom chosen mainly from magnesium (Mg) , calcium (Ca) , 
barium (Ba) , strontium (Sr) , gadolinium (Gd) , scandium 
(Sc) , ytterbium (Yb) , yttrium (Y) , samarium (Sm) , 
erbium (Er) , indium (In) , niobium (Nb) and lanthanum 
(La) , and c and d are such that the structure RcOd is 
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electrically neutral; and 

in which x is generally between 0.05 and 0.3 0 and more 
particularly between 0.075 and 0.15. 

5 Examples of oxides of formula (I) include cerium 
stabilized oxides, gallates and zirconias. 

According to this first particular aspect, compound (Ci) 
is preferably chosen from stabilized zirconias of 
10 formula (la) : 

(Zr02)i-x(Y203)x (la) , 

in which x is between 0.05 and 0.15. 

According to a second particular aspect of the 
15 composite as defined above, compound (Ci) is chosen from 
perovskites of formula (II) : 

[Mai-x-uMa'xMa"u] [Mbx_y.vMb 'yMb'^] O3-W (II) 
in which: 

Ma represents an atom chosen from scandium, 
20 yttrium, or from the families of lanthanides, actinides 
or alkaline -earth metals; 

Ma' , which is different from Ma, represents an 
atom chosen from scandium, yttrium or from the families 
of lanthanides, actinides or alkaline -earth metals; 
25 - Ma", which is different from Ma and Ma', 

represents an atom chosen from aluminum (Al) , gallium 
(Ga) , indium (In) , thallium (Tl) or from the family of 
alkaline -earth metals; 

Mb represents an atom chosen from transition 

3 0 metals; 

Mb' , which is different from Mb, represents an 
atom chosen from transition metals, aluminum (Al) , 
indium (In) , gallium (Ga) , gemnanium (Ge) , antimony 
(Sb) , bismuth (Bi) , tin (Sn) , lead (Pb) and titanium 
35 (Ti) ; 

Mb", which is different from Mb and Mb', 
represents an atom chosen from transition metals, 
alkaline -earth metals, aluminum (Al) , indium (In) , 
gallium (Ga) , germanium (Ge) , antimony (Sb) , bismuth 
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(Bi) , tin (Sn) , lead (Pb) and titanium (Ti) ; 
0 < X < 0.5; 
0 < u ^ 0.5; 
{x + u) ^0.5; 
5 0 ^ y :S 0.9; 

0 < V ^ 0,9; 
0 ^ (y + v) < 0.9; and 

w is such that the structure in question is 
electrically neutral. 

10 

According to this second particular aspect, compound 
(Ci) is more particularly chosen from compounds of 
formula (II) in which u is equal to zero or else from 
compounds of formula (II) in which u is different from 
15 zero or else from compounds of formula (II) in which 
the sum (y + v) is equal to zero or else from compounds 
of formula (II) in which the sum (y + v) is different 
from zero. 

20 In formula (II) as defined above. Ma is more 
particularly chosen from La, Ce, Y, Gd, Mg, Ca, Sr and 
Ba. In this case, compound (Ci) is preferably a compound 
of formula (Ila) : 

La(i-x-u)Ma'xMa"uMb(i-y_v)Mb'yMb"v03-6 (Ha) , 

25 corresponding to formula (II) , in which Ma represents a 
lanthanum atom. 

In formula (II) as defined above. Ma' is more 
particularly chosen from La, Ce, Y, Gd, Mg, Ca, Sr and 
30 Ba. In this case, compound (Ci) is preferably a compound 
of formula (lib) : 

Ma{i-x-u)SrxMa"uMb(i-y-v)Mb'yMb"v03-5 (Hb) , 
corresponding to formula (II) in which Ma' represents a 
strontium atom. 

35 

In formula (II) as defined above, Mb is more 
particularly chosen from Fe, Cr, Mn, Co, Ni and Ti . In 
this case, compound (Ci) ^ is preferably a compound of 
formula (lie) : 
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Ma(i_x-u)Ma'xMa"uFe(i-y.v)Mb'yMb"v03.5 (He) , 
corresponding to formula (II) in which Mb represents an 
iron atom. 

5 In formula (II) as defined above, Mb' is more 
particularly chosen from Co, Ni, Ti and Ga while Mb" is 
more particularly chosen from Ti and Ga. 

In this case, compound (Ci) is preferably a compound of 

10 formula (Ild) : 

La{i.x)SrxFe(i-v)Mb"v03-6 (Hd) , 
corresponding to formula (II)- in which u = 0, y = 0, Mb 
represents an iron atom. Ma represents a lanthanum atom 
and Ma' represents a strontium atom. In formula (II) as 

15 defined above. Ma" is more particularly chosen from Ba, 
Ca, Al and Ga. In the composite according to the 
present invention, compound (Ci) is more particularly a 
compound of formula: 

La(i-x-u)SrxAluFe(i_v)Tiv03-5/ La{i-x-u) SrxAluFe (i_v)Gav03.6, 

20 La(i_x) SrxFe (i_v) TivOs-s , La (i-x> SrxTi d-v) FevOs-s , 

La(i_x)SrxFe(i_v)Gav03_5 or La(i-x)SrxFe03_5 and more 
particularly one of the following compounds : 
Lao . eSro . 4Feo . sGslq , 1O3-5 , or Lao . sSro , sFeo , sTIq . 1O3 -5 . 

25 Among the compounds with a crystal structure of the 
perovskite type of formula (II) that are preferred to 
be used in the composite according to the present 
invention are those of formula (II'): 

Ma<"> <i_x-u)Ma« <^-^^Ma" <^"^Mb<^> a-s-y-v)Mb^^"^>sMb ' <^^^^Mb" ^^"^03-5 
30 (II'), 

in which formula (II') : 

a, a-1, a", b, (b+1) , (b+(3) and b" are integers 
representing the respective valences of the Ma, Ma', 
Ma", Mb, Mb' and Mb" atoms; and a, a", b, b", p, x, y, 
35 s, u, V and 5 are such that the electrical neutrality 
of the crystal lattice is preserved: 
a > 1; 

a", b and b" are greater than zero; 
- 2 < p :^ 2; 
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a + b = 6; 
0 < s < X; 
0 < X ^ 0 . 5 ; 
0 ^ u ^ 0.5; 
5 (x + u) < 0.5; 
0 ^ y ^ 0.9; 
0 ^ V < 0.9; 
0< (y+v+s) ^0.9; 

[u (a" - a) + V (b" -b) - x + s + |3y + 25] = 0; and 

10 6min < 5 < 5max where 

Smin = [u (a - a") + V (b - b") - Py] / 2 and 

5max = [u (a - a") + V (b - b") - Py + x] /2 

and Ma, Ma', Ma", Mb, Mb' and Mb" are as defined above, 

Mb representing an atom chosen from transition metals 

15 capable of existing in several possible valences. 

According to a third particular aspect of the material 
as defined above, compound (Ci) is chosen from materials 
of the brown-millerite family of formula (III) : 
20 [MC2-xMc'x] [Md2-yMd'y]06-w (III) 

in which, 

Mc represents an atom chosen from scandium, 
yttrium or from the families of lanthanides, actinides 
and alkaline -earth metals; 
25 Mc ' , which is different from Mc, represents an 

atom chosen from scandium, yttrium or from the families 
of lanthanides, actinides and alkaline -earth metals; 

Md represents an atom chosen from transition 
metals; and 

30 Md', which is different from Md, represents an 

atom chosen from transition metals, aluminum (Al) , 
indium (In) , gallium (Ga) , germanium (Ge) , antimony 

(Sb) , bismuth (Bi) , tin (Sn) , lead (Pb) and titanium 

(Ti) ; and 

35 X and y are greater than or equal to 0 and less than or 
equal to 2 and w is such that the structure in question 
is electrically neutral. 

According to this third particular aspect of the 
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material according to the present invention, compound 
(Ci) is more particularly of formula (Ilia) : 

[Mc2-xLax] [Md2-y Fey]06-w (IHa) , 

a compound of formula (Illb) : 
5 [Sr2-xLax] [Ga2.yMd'y] Og-w (Hlb) 

and more particularly a compound of formula (I lie) : 

[Sr2-xLax] [Ga2-yFey] Oe-w (IIIc) , 

such as for example compounds of formula: 

Sri . 4Lao . eGaFeOs . 3 ; Sri . s^slq . 4Gai . 2Feo . bOs . 3 ; Sri . eLao . 4GaFe05 . 2 ; 
10 Sri.6liao.4Gao.8Fei.205.2; Sri,6Lao.4Gao.6Fei.405.2; 

Sri . eljB.0 .4Gao .4Fei . gOs . 2 ; Sri . s^^o . 4Gao . 2Fei . sOs . 2 7 

Sri . gLao . 4Fe205 . 2 ; Sri . vLao . sGaFeOs . 15 ; S ri . vLao . aGao . sFei . 2O5 . 15 ; 

Sri . vLao . sGao . gFei .4O5 . 15 ; Sr1.7Lao.3Gao.4Fe1.6O5.15 ; 

Sri . vLao . sGao . 2Fei . qO^ . 15 # Sri . sl^ao . 2GaFe05 . 1 ; 

15 Sri.8Lao.2Gao.4Fei.605.i; or Sri.8Lao.2Gao.2Fei,805.i . 

According to one more particular aspect of the present 
invention, the subject thereof is a composite as 
defined above in which compound (Ci) is chosen from 
20 compounds of formula: 

Lao,6Sro.4Feo.9Gao.i03_5 or 
Lao.sSro.sFeo.gTio.iOs-s , 
and compoxind (C2) is chosen from magnesium oxide (MgO) , 
aluminum oxide (AI2O3) , mixed strontium aluminum oxide 
25 Sr3Al206 and mixed barium titanium oxide (BaTiOa) . 

According to the latter particular aspect, the 
composite which comprises between 2 and 10 vol% 
magnesium oxide (MgO) and between 90 and 98 vol% 

30 Lao.6Sro.4Feo.9Gao.i03-6 is preferred- 
According to a second aspect, another subject of the 
invention is a method of preparing the composite as 
defined above, characterized in that it includes at 

35 least one step of sintering a powder blend of compound 
(Ci) and compo\ind (C2) , while controlling the oxygen 
partial pressure (PO2) of the gaseous atmosphere 
surrounding the reaction mixture.. 
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In the method as defined above, the sintering 
temperature of the composite is between 800°C and 
1500°C, preferably between lOOO^C and 1350°C. 

5 The sintering includes two simultaneous phenomena that 
are generally in competition, namely densif ication of 
the material by elimination of the porosity and grain 
growth. If the densif ication of the material has to be 
maximized for its use as a mixed conductor, crystal 

10 growth can be detrimental to its mechanical properties. 
The sintering step must therefore be adapted in order 
to result in densif ication of the part while minimizing 
grain growth. However, it is often difficult for these 
two conditions, depending on the nature of the 

15 materials used, or of the imposed sintering conditions, 
to be met. The presence of a suitable amount of 
compound (C2) in the mixed conductor ensures 
satisfactory densif ication while limiting, or even 
preventing, crystalline growth of the conductor (Ci) . 

20 

The method as defined above is more particularly used 
in such a way that the sintering step is carried out in 
a gaseous atmosphere having an oxygen partial pressure 
of 0.1 Pa or less. 

25 

According to another particular aspect, the method as 
defined above is characterized in that the powder blend 
of compound (CI) and compound (C2) undergoes, before 
the sintering step, a forming step followed by binder 
3 0 removal . 

According to another aspect, another subject of the 
invention is the use of the composite as defined above, 
as a mixed conducting composite for a catalytic 
35 membrane reactor, intended to be used for the synthesis 
of syngas by catalytic oxidation of methane or natural 
gas and/or as mixed conducting composite for a ceramic 
membrane intended to be used for separating oxygen from 
air . 
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The final subject of the invention is a method for 
inhibiting and/or controlling the crystal growth of the 
grains of mixed electronic/oxide ionic conducting 
5 compounds during the sintering step in the preparation 
of a catalytic membrane reactor, characterized in that 
it includes a prior step of blending 75 to 99.99 vol% 
of mixed conductor (Ci) with 0.01 to 25 vol% of compound 
(C2) . 

10 

According to a preferred aspect of the method as 
defined above, this includes a prior step of blending 
90 to 98 vol% Lao.6Sro.4Feo.9Gao.i03_5 with 2 to 10 vol% 
magnesium oxide (MgO) . 

15 

Experimental part 

Manufacture of the multiphase composite 

2 0 The blocking agent is generally obtained from a 
commercial powder of high purity or from a powder 
blend. It may also be synthesized from oxide and/or 
nitrate and/or carbonate precursors blended and 
homogenized in a suitable manner. This precursor blend 

25 is then calcined at high temperature, between 800 and 
14 00°C, in order to react and form the desired 
composite or composites, these being checked by X-ray 
diffraction. If necessary, the precursor powder is 
milled, preferably by attrition milling, in order to 

30 tighten the particle size distribution and reduce the 
grain size, for example to 0.5 pm. The steps of forming 
the composite, consisting of the uniform blend of 
particles (C2) in the matrix (Ci) , and of binder removal 
are identical to those for only the mixed (Ci) 

35 conductor. 

The high- temperature heat treatment is generally 
adapted to the presence of the blocking agent, which 
facilitates sintering. 
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Example 1; MqO (5 vol%) /Lao.sSro.sFeo.QTio.iO a.B (95 vol%) 
ceramic membrane 

5 The example presented is a blend according to the 
protocol described above, consisting of 5 vol% magnesia 
(MgO) (compound C2) and 95 vol% of the ceramic 
Lao.sSro.sFeo.sTio.iOa-s (compound Ci) . The sintering was 
carried out in nitrogen at 1150°C for 1,5 h. 

10 

Figure 1 shows two images obtained by scanning electron 
microscopy with two different magnifications (figure 
la: x8 000 and figure lb: xlOOOO) . These images show 
that the MgO grains are distributed uniformly within 
15 the matrix, and have a size of less than 1 ym. The 
Lao.sSro.sFeo.gTio.iOa-s grains are all smaller than 2 pm. 

An Lao.5Sro.5Feo.9Tio.i03-5 membrane containing no MgO and 
sintered under the same conditions (in nitrogen at 
20 1150 °C for one hour and a half) had grain sizes of 
between 2 and 3 \xm. 

Figure 2 shows maps of the constituent elements of the 
membrane, obtained by EDS analysis. It may be seen that 
25 all the elements are uniformly distributed- These maps 
clearly demonstrate the chemical nonreactivity of the 
MgO blocking agent with respect to Liao.sSro.sFeo.gTio.iOs-s . 

Example 2; MgO (5 vol%) /La o^Sro^FeQ^Gao^03-5 (95 vol%) 
30 ceramic membrane 

The example presented is a blend according to the 
protocol described above, consisting of 5 vol% magnesia 
(MgO) (compound C2) and 95% of the ceramic 
35 Lao,6Sro.4Feo.9Gao.i03_6 (abbreviated in the figures to 
LSFG; compound Ci) . The sintering was carried out in 
nitrogen at 1235®C for two hours. 

Figure 3 shows by X-ray diffraction the fact that the 
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MgO (40 vol%) /Lao.6Sro.4Feo.9Gao.i03-5 (60 vol%) blend does 
not result, after being calcined at 1200 °C for a few 
hours in nitrogen, in any new compounds. The X-ray- 
diffraction diagram demonstrates that there is no 
5 chemical reactivity between the MgO blocking agent and 
the Lao.6Sro.4Feo.9Gao.i03-5 ceramic matrix. 

Figure 4 shows by X-ray diffraction that the BaTiOa 
(40 vol%) /Iiao.6Sro.4Feo.9Gao.i03_5 (60 vol%) blend does not 
10 result, after being calcined in nitrogen at 1200°C for 
a few hours, in any new compoiands . The X-ray 
diffraction diagram demonstrates that there is no 
chemical reactivity between the BaTiOs blocking agent 
and the Lao.6Sro.4Feo.9Gao.i03-5 ceramic matrix. 

15 

Figure 5 is a secondary- electron SEM micrograph of the 
composite containing no blocking agent (magnification: 
x3000; grain size between 2 and 10 \im) . The sintering 
step was carried out in nitrogen for 2 hours at 1235°C 
2 0 (composite of the prior art) . 

Figure 6 is a secondary- electron SEM micrograph of the 
Lao.6Sro.4Feo.9Gao.i03-6 composite containing 5 vol% 
magnesium oxide as blocking agent (magnification: 
25 X20000; grain size between 0.1 and 1 \im) . The sintering 
step was carried out in nitrogen for 2 hours at 1235°C. 

Figure 7 is a secondary-electron SEM micrograph of the 
Lao.6Sro.4Feo.9Gao.i03-6 composite containing 5 vol% 
30 magnesium oxide as blocking agent (magnification: 
xSOOOO; grain size between 0.2 and 1.6 jam). The 
sintering step was carried out in nitrogen for 2 hours 
at 1300°C. 

35 Example 3: Influence of the presence of magnesium oxide 
(MgO) in La cKsSro^FeQ^Gao^Og-B (LSFG) on the oxygen 
permeability of the membrane 

a) Preparation of the specimens 
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LSFG and MgO powders were weighed and blended in 
different proportions by volume in order to obtain 
compositions comprising (100-x) vol% LSFG and x vol% 
5 MgO, where x = 0; 2; 5. 

Dense membranes with a thickness of about 1 mm and an 
area of 3.1 cm^ were prepared from these compositions 
(LSFG (x = 0); LSFG/2M (x = 2); LSFG/5M (x = 5)) using 

10 the tape casting process described in The Encyclopedia 
of Advanced Materials, Volume 4, Pergamon 1994, 
Cambridge, 2763-2767 by T. Chart ier, and in which the 
binder removal step was carried out with a slow heating 
rate and the sintering step was carried out between 

15 1250°C and 1350°C for 2 h in a 90% nitrogen/10% oxygen 
atmosphere . The permeation measurements were carried 
out with the device shown in figure 8, consisting of a 
tube furnace and gas feeds and analyzers (gas 
chromatography - YSZ -based oxygen probe) . 

20 

The dense membranes of pure (LSFG) phase and composite 
(LSFG/2M; LSFG/5M) phase were deposited at the top of 
an alumina tube, sealing between the inside and outside 
of the tube being provided by a glass ring located 
25 between the support tube and the membrane and by an 
alumina cap in order to hold it in place and to exert 
pressure from above. 

The entire device was inserted into the tube furnace, 
30 which was heated up to the glass transition temperature 
of the glass ring. 

Before sealing, the membranes were subjected to a 
stream of argon over their external surface and a 
35 stream of recombined air (79% N2/21% O2) on their 
internal face with flow rates of 200 ml (STP)/min. The 
gases exiting the device were analyzed using a 
chromatograph in order to validate the 100% selectivity 
with respect to oxygen and using an oxygen probe to 
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determine the oxygen pearmeation flux through each of 
the composites. 



b) Results 

5 

Ficfure 9 shows curves of the variation in oxygen flux 
as a fxinction of temperature for each of the 
composites. It demonstrates the multiplicative factor 
(MF) caused by the oxygen flux thanks to the presence 
10 of blocking agents (at 950 °C, MF = 4 in the case of 
LSFG/2iyi compared with LSFG, and MF = 6 in the case of 
LSFG/5M compared with LSFG) . 

Figure 10 shows the impact of the membrane 
15 microstructure on the activation energy of the oxygen 
permeation flux, which energy decreases when the 
proportion of magnesium oxide increases. 



